The UK has legally binding renewable energy and greenhouse gas targets. Energy from biomass is anticipated to make major contributions to these. However there are concerns about the availability and sustainability of biomass for the bioenergy sector. A Biomass Resource Model has been developed that reflects the key biomass supply-chain dynamics and interactions determining resource availability, taking into account climate, food, land and other constraints. The Model has been applied to the UK, developing four biomass resource scenarios to analyse resource availability and energy generation potential within different contexts. The Model shows that indigenous biomass resources and energy crops could service up to 44% of UK energy demand by 2050 without impacting food systems. The scenarios show, residues from agriculture, forestry and industry provide the most robust resource, potentially providing up to 6.5% of primary energy demand by 2050. Waste resources are found to potentially provide up to 15.4% and specifically grown biomass and energy crops up to 22% of demand. The UK is therefore projected to have significant indigenous biomass resources to meet its targets. However the dominant biomass resource opportunities identified in the paper are not consistent with current UK bioenergy strategies, risking biomass deficit despite resource abundance.
1) Introduction
European Governments have greenhouse gas emission and renewable energy targets that are bound by the baseline requirements of the Kyoto Protocol [1] , and the European Commission's renewable energy requirements [2] [3] . In addition, the UK is legally bound by the 2008 Climate Change Act [4] , to achieve a mandatory 80% cut in the UK's carbon emissions by 2050 and a benchmark 35% reduction by 2020, below 1990 levels [5] . The aim; to encourage a transition towards a low-carbon UK economy through unilateral binding emissions reduction targets [6] .
A key route to achieving these targets is to replace fossil fuel based energy with renewable and low carbon energy technologies. It is becoming increasingly accepted that having a broad energy mix is likely to be the best method to achieving energy and climate change targets [7] . Biomass as a renewable energy source contributes towards reducing greenhouse gas emissions, decarbonisation of energy systems, diversification of fuel supplies, and the development of long-term replacements for fossil fuels [8] . Despite some concerns over the level of biofuels deployment, bioenergy remains a key component of European energy strategies [9] . The European Commission estimates that two-thirds of EU's 2020 target for 20% contribution by renewable energy resource may be from biomass [10] . The UK's Renewable Energy Strategy does not propose targets for individual technologies, but confirms that bioenergy systems will likely contribute significantly to the UK's future energy portfolio [5] .
However, biomass pathways are being assumed in many national energy strategies globally [11] , so critical assessment of the biomass resource availability is essential. Most energy strategies of European States assume the use of non-EU sourced biomass to meet their forecast demands [12] , so there is likely to be increased demand (competition) for globally traded biomass in the future and there are also concerns about ensuring its sustainability.
The UK provides a case study of a nation with strong bioenergy aspirations but uncertain biomass resource availability. This paper analyses the UK's projected biomass resource availability under different future contexts and constraints. A Biomass Resource Model has been developed that: allows the analysis of forecast scenarios of biomass resource availability to the year 2050; compares indigenous biomass availability against prescribed biomass and renewable energy targets; and enables an evaluation of bioenergy strategies in terms of indigenous resource availability and deficits.
The Model has been developed to reflect a wide range of interacting variables that influence biomass resource availability. The Model can be calibrated to capture the potential range of these variables in different possible futures. This paper explores four forecasts of potential pathways that the UK could take to 2050, and measures the biomass resource availability and potential for the bioenergy sector. The scenarios analysed are:
 Food Focus Scenario -where emphasis on UK food security and productivity is prioritised;  Economic Focus Scenario -where the UK places future emphasis on economic development and resource competition with the bioenergy sector occurs;
 Conservation Focus Scenario -where the conservation of land, biodiversity and resources are prioritised;
 Energy Focus Scenario -where the UK places future emphasis on developing the bioenergy sector and mobilising biomass resource to meet energy/bioenergy targets.
Within the Energy Focus Scenario different biomass conversion pathways have also been explored via a series of sub-Scenarios. These analyse the bioenergy potential when the biomass resource is converted to power, heat and transport fuels according to their most efficient or 'preferred pathways' [13] [14] [15] [16] [17] . In the Heat Conversion Pathway Scenario, heat energy generation is prioritised where possible; in the Power Conversion Pathway Scenario, electrical energy generation is prioritised where possible; in the Transport Fuel Conversion Pathway Scenario, all suitable resources are utilised to produce biofuels and a hybrid "Balanced Conversion Pathway" is also considered.
2) The Biomass Resource Model -Methodology
Biomass Resource Modelling
The vast array of dynamics that impact the availability of any resource means that no set modelling methodology can be universally applied. However, a constant applicable to the modelling of any resource is that it is essentially the science of estimating supply versus demand and attempting to quantify resource reserves [18] . As such biomass resource modelling typically follows one of two pathways, 'Resource Focussed' models aim to quantify the extent of each biomass resource category to determine the resulting energy potential [15, 19] , whilst 'Demand Driven' models analyse the bioenergy contribution targeted [20] , and measure the resource quantity required to meet this demand [21] .
Figure 1: Biomass Modelling Potentials
Furthermore, the outputs from biomass resource models then fall into a series of categories ( Figure 1 -Adapted from Batidzirai et al, 2012 [22] ) dependent on the adopted approach and desired output. Theoretical or Ultimate Potentials -represent the biomass resource potentially grown/harvested/collected limited only by physical and biological barriers. Technical/Geographic Potentials -reflect biomass resource extent taking into consideration technical constraints such as land area, ecological impacts and agro-technological constraints. Economic Potentials -demonstrate biomass resource that reflects economic considerations, fundamentally driven by supply-demand curves. Implementation/Realistic Potentials -represent biomass resource availability without inducing detrimental environmental, social or economic impacts [23] .
The UK Biomass Resource Model
The Biomass Resource Model (BRM) is resource focused, analysing the indigenous theoretical potential of each specific biomass resource within the UK. The BRM is then calibrated in line with the scenario assumptions to produce more realistic resource availability forecasts ( Figure 1 ).
Various previous studies have been undertaken, aimed at analysing biomass resource levels at different geographic and regional levels. Many of these studies were included in a review carried out by the UK Energy Research Centre [24] . As part of the process when developing the concept design for the BRM, the merits and limitations of each of these previous studies were assessed. A summary of the BRM's high level methodology is shown in Figure 2 . The BRM's analysis methodology progresses in three distinct stages that collectively reflect the dynamics of biomass supply chains. The research influences and descriptions of these analyses stages are provided below: Analysis Stage One calculates the area of UK land utilised to meet various demands, including; food production, further urban development and forestry to the year 2050. The remaining UK land area potentially suitable for crop growth is then analysed to determine the availability for biomass and energy crop growth dedicated for the bioenergy sector. This land-use analysis methodology builds on approaches developed within similar studies [25] [26] for wider geographic/regional analysis, and focuses them on the UK in this instance. The BRM goes further than previous studies in that it provides the facility to analyse land for biomass versus land for food dynamics. Table 1 provides an overview of the specific biomass resources and categories analysed within the Model.
Stage Three: Indigenous Bioenergy Potential
This analysis stage calculates the energy potential of the specific resource quantities calculated within Stage Two. The wide range of pre-treatment and energy conversion pathways applicable to different types of biomass are considered. Within the analysis the resources calculated within Stage Two are 'filtered' through an 'energy pathway' as summarised by Figure 3 . This includes, a potential pre-treatment process where the resource's mass may be reduced and an energy debt incurred [17] , followed by an energy conversion pathway to produce heat, power or transport fuels energy. The energy generated reflects the resource's calorific value [27] and the energy conversion efficiency [28] [29] [30] [31] [32] [33] [34] [35] of the applicable process. The specific pre-treatment and energy conversion pathway applied for each resource are reflective of the desired energy output, as discussed further in the Introduction of this paper. Once the energy potentials of the available resources have been calculated, these are then compared against the UK's renewable energy and bioenergy targets. In summary, the key features of the BRM are the ability to investigate different variables and drivers that collectively reflect the whole system influences to biomass resource availability. This includes forestry, agriculture and market resource competition, allowing assessment of "land for food" vs. "land for biomass" dynamics. A further discussion of the methodology is described by Welfle et al, 2013 [36] .
3) UK Biomass Resource Scenarios

Scenario Analysis
Scenario analysis is the evaluation of potential future events through the consideration of alternative plausible, although not equally likely states of the world (scenarios) [37] . Scenarios are a dynamic view of future potential pathways based on the chosen trajectory variables. Scenario analysis provides an advantage of illustrating potential directions and illuminating events that may otherwise be missed. This can be particularly instructive for short and long term coordinated decision making and actions [38] .
Developing Biomass Resource Scenarios
Many variables influencing the UK's biomass resource availability to 2050 are uncertain and so a scenario approach has been used to explore the potential indigenous resource availability under alternative assumptions. The flexibility of the BRM allows scenarios to be analysed that represent realistic future conditions. The chosen scenarios represent different trajectories that are likely to influence biomass availability in the UK and potential contributions to the bioenergy sector. Within each scenario it is also important to highlight that the ability for the UK to continue to meet its food demands are always placed ahead of ability to produce resource for the bioenergy sector. Therefore these scenarios represent potential biomass resource futures that will not conflict with requirements for food production.
The parameters within each scenario are built up through the manipulation of a series of key drivers that collectively control the BRM. These drivers reflect the core dynamics that influence biomass resource availability and potential for the energy sector. The extent and direction in which these drivers are varied within each scenario is reflective of a wide range of previous research and studies that provide forecasts. Table 2 provides an overview of these forecast drivers, and a summary of the literature that has informed how these variables may change to 2050. Table 2 also highlights specific drivers targeted and trade-offs between the scenarios. •• Future supply chain characteristics within the scenario reflect average values forecasts within the literature*.
• Future supply chain characteristics within the scenario reflect lower limits of forecasts within the literature*.
In summary the developed research scenarios reflect the collective variations of a series of forecasts. This methodology is designed to be prospective, quantitative and normative as described by Anderson et al [77] [78] , in that the scenarios explore probable futures through modelling, based on the extension of a number of key drivers. The key themes, assumptions that characterise each scenario are summarised within Table 3 .  Increasing crop yield productivity.
 Decreasing food waste.
 Reduced food imports, replaced by domestic growth.
 Emphasis on agriculture over forestry expansion.
 Dedication of available land for agriculture ahead of bioenergy crop growth.
Economic Focus Scenario
Economic development is the prime target.
 Reduced restrictions on built-up area expansion.
 Increased focus on forestry expansion and productivity.
 Utilisation of forestry residues.
 Increased exportation rates of food commodities & forestry products.
 Waste generation rates driven by economic growth and technological advancement.
Conservation Focus Scenario
Increased emphasis on conservation & resource protection.
 Restricted expansion of built-up land area.
 Increased focus on forestry expansion & preservation.
 Lower limit utilisation of forestry & agricultural residues for energy.
 Decreased levels of waste generation.
 Waste management strategies focusing on resource recovery.
 Reduced dedication of available land for bioenergy crop growth.
Energy Focus Scenario
Focus on enhancing & expanding the bioenergy sector.
 Increased dedication of available land for bioenergy crop growth.
 Increasing focus on forestry expansion & productivity.
 Increased utilisation of forestry residues, agricultural residues and arboriculture arising by the bioenergy sector.  Waste management focusing on energy recovery.
Food Focus (Foo-F) Scenario
The Foo-F Scenario has been developed to analyse forecasts of biomass resource availability for the energy sector, within a future pathway where prime focus has been placed on improving food security and selfsufficiency.
i. Scenario Context
Since World War Two European agricultural policy has focused on enhancing food self-sufficiency for the European population and, as demonstrated by recent overproduction of food, has been highly successful [79] . However an enormous future challenge looms -having to feed up to 9-10 billion people by 2050 globally [51] . Agricultural systems are highly sensitive to climate fluctuations, and a 2°C rise in mean global temperature reflecting the Intergovernmental Panel on Climate Change's lowest emission scenarios is predicted to result in widespread destabilization of farming systems across the world [80] . In addition to the uncertainty regarding food systems, the large scale production of biofuels is becoming a significant competitor for agricultural landand whilst energy security concerns may justify the production of biofuels, the proposed scale of production raises questions about the trade-offs between biofuels and food crops [81] . The key issue relating to future food systems remains whether they can keep pace with steep growing demand and dietary transitions in an environment of climate change and numerous other drivers [82] . This strain will put pressure on Europe's future supply chains. Enhancing food security and self-sufficiency may re-emerge as prominent areas of concern for future governments.
ii. A Future Pathway with Food Focus
Although complete food self-sufficiency is not a current target for the UK, it is important that food systems adapt so that the UK is able to cope with future stresses in the food system [49] [50] . The UK currently produces about half of the food it consumes, and is ~60% 'self-sufficient' [47] . Recognised strategies to address future food issues include: closing the yield gap -the difference between attainable yields and realised yield; increasing agricultural productivity through technologies, research and investment; reducing wastes from food systems; changing diets; and expanding aquaculture opportunities [51] .
UK agricultural productivity has been increasing at a steady trajectory through time, and increased research, development and investment in the sector is likely to see this trend continue [83] . Estimates also suggest that 30-50% of food grown worldwide may be lost or wasted before and after it reaches the consumer. Therefore future emphasis should be placed on addressing wastes -the UK Government Office for Sciences suggesting that food waste could be realistically halved by 2050, equivalent to as much as 25% of current productivity [49] [50] .
All actions should be realised through coordinated and multifaceted strategies where sustainability is key. This 'sustainable intensification' involves an enhancement of current business-as-usual trends. Where agricultural systems remain largely unchanged and demands follow current projections, but agricultural productivity becomes increasingly efficient [84] .
A summary of the key focus areas and actions within the Foo-F Scenario future pathway are shown in Table 3 .
Economic Focus (Eco-F) Scenario
The Eco-F Scenario has been developed to analyse forecasts of biomass resource availability for the energy sector, in a future where emphasis is placed on economic growth over all other considerations.
i. Scenario Context
Following the 2008/9 financial problems, an agenda aimed at encouraging economic growth is currently at the forefront driving the majority of UK policy. In the UK, timber and wood based industries are well established and contribute about 1.5% of UK export, equivalent to 2.5% of the global share [52] . The flow of materials between the economy and the environment constitutes the physical foundations of economies -this 'economic metabolism' being a key indicator of economic health [85] [86] . It is the growth and dynamics associated with the wood based industry that will be a key influence in determining in the availability of biomass resources available for the bioenergy sector within this scenario. In terms of development of the bioenergy sector, many countries are showing considerable interest in bioenergy from an economic basis because of the value added (income) and employment opportunities that bioenergy can bring, especially in the rural areas where the resources are produced/collected [87] . However studies such as Marques & Fuinhas (2012) [88] have concluded that the high costs associated with supporting renewable energy options are actually an economic burden, as polices such as increasing tariffs for electricity results in an economically counterproductive effect and deceleration in economic activity. As things stand European countries have energy systems and infrastructures that are deeply grounded in fossil fuel provision [88] . Therefore if future policy, finance and focus is not directed towards renewable energy pathways, it is unlikely that there will be a widespread move away from conventional fossil fuel generation. A future pathway focused on economic growth may not specifically focus on the development of the bioenergy sector through the mobilisation of resource or building of energy infrastructure. But through increasing the ongoing activities of wood based industries, there will still be opportunities for the bioenergy sector.
ii. A Pathway with Economic Focus
A future pathway with economic focus will reflect policies designed to encourage the growth of industry, which in turn may compete for biomass resource but also provide new opportunities for the bioenergy sector. The UK Wood Panel Industry Federation (WPIF) identifies the growth of the bioenergy sector as a major concern for resource, "as subsidised energy generators can afford to out-pay the wood panel industry for primary raw material" [66] . Therefore a future pathway with economic focus would ensure that the wood industry's resource demands are set over those of the bioenergy sector. Industry's future resource demands have been forecast by the WPIF [67] and forestry expansion and productivity scenarios are forecast by the Forestry Commission [58] [59] [60] [61] [62] [63] [64] [65] to reflect market behaviour, these forecasts are utilised within the Eco-F Scenario.
Meta-analysis of a series of studies [89] concludes that there is statistical significance between economic growth and aggregate export levels, especially relating to both manufactured and energy based export categories. Therefore, it should be expected that a future pathway with economic focus may reflect increases in export levels, particularly wood products with relevance to the bioenergy sector.
Greyson, (2007) states that, realising zero waste and sustainability with continued economic growth may not be achievable within the scope of current practices [90] . Therefore the future patterns of waste generation and management within this scenario may reflect variations of continuing trends. To model this the waste strategies within this scenario utilise the UK Department of Environment, Food & Rural Affair's (DEFRA) technologically driven forecasts [55, [74] [75] . These predict that large-scale solutions and technology will be key to dealing with waste continuing issues.
A summary of the key focus areas and actions within the Eco-F Scenario future pathway are shown in Table 3 .
Conservation Focus (Con-F) Scenario
The Con-F Scenario has been developed to analyse forecasts of biomass resource availability for the energy sector, within a future pathway where emphasis is placed on a paradigm of enhanced conservation and preservation of biodiversity and resources.
i. Scenario Context
A century ago forestry cover in the UK was at an all-time low, although following a series of phases of forestry focus this has increased by two and a half times to the ~13% cover present today. However planting rates in recent years have once again stagnated, leading to recognition that it is time to regain focus and 'up the game', particularly when measured against the context of having to mitigate and adapt to climate change [91] . The UK's approach to conservation relies on a series of partnerships between statutory, voluntary, academic and business sectors at both the National and local scale. The prime focus being to maintain and create habitats and ecosystems, halt the decline of biodiversity and enhance the robustness of sites to environmental change [92] . This is backed up by a wide spectrum of legislative requirements that aim at safeguarding forestry, biodiversity and conservation [93] . At the same time: the UK has well established wood based industries that rely on forestry productivity, there is increasing inclusion of forestry resources within renewable energy strategies [70] , and awareness of forestry resources and ancient woodlands in terms of ecological value is increasing [94] . Collectively these three competing demands and priorities will shape the pathway for utilisation of forestry in the future. A further increasingly prominent conservation issue is resource availability and scarcity -a theme motivating new waste management strategies at both the European and UK level [95] . There is great scope for improvement in the UK, where recycling levels stand at about 39% of municipal waste compared to >60% in leading places such as Austria and Germany [96] . To help develop innovative and exemplary practices that drive behaviour towards enhanced sustainability, the UK Government has ongoing 'Zero Waste Places' initiatives [97] -"A simple way of encapsulating the aim to go as far as possible in reducing the environmental impact of waste. It is a visionary goal which seeks to prevent waste occurring, conserves resources and recovers all value from materials" [98] .
ii. A Pathway with Conservation Focus
Trade-offs exist between biodiversity, conservation and optimal biomass resource production for the bioenergy sector. Erb, et al [99] found that estimates of global biomass crop potential are lowered by 9-32% when land areas of wilderness, biodiversity importance and with protection status are excluded from assessments. The German Advisory Council on Global Change also found that a minimum of 10-20% of global land should be protected if the biosphere's functions such as climate regulation and biodiversity are to be preserved [100] . 14% of land is currently protected globally [101] , meaning a further 6% equivalent to 540,000 km² is required [102] . In summary a future pathway with conservation focus will undoubtedly result in lower levels of biomass resource being available for the bioenergy sector. In the UK, the Forestry Commission have a wide range of forestry expansion and productivity scenarios that reflect varying levels of forest growth and utilisation [58] [59] [60] [61] [62] [63] [64] [65] . A future pathway with conservation focus will reflect the upper projections for forestry expansion. The management of forests including felling is The approach of the UK forestry industry has progressively shifted primarily from timber production to increasingly multi-purpose values that include conservation [103] . Forestry industries having an important role to play in conservation, as the industries long-term sustainability depends on the resource [104] . Therefore industry within a future pathway with conservation focus would therefore continue to utilise forests, albeit strongly abiding to the requirement of the 'UK Forestry Standard' [105] . Research [106] [107] also highlights that the extraction of residues from both forestry and agricultural systems may pose a risk for the maintenance of soil fertility. It being important that residue removals don't exceed levels required to maintain food and habitats for organisms, provide protection against soil compaction or for maintenance of soil fertility [69, 71] . Therefore a future pathway with conservation focus will likely avoid the upper limits utilisation of both forestry and agricultural residues. Waste generation and management strategies will reflect future pathways of reduced waste generation and increased levels of resource recovery from waste streams. Scenarios reflecting these pathways have been forecast by the DEFRA [55, [74] [75] , and will form the basis of future waste analysis within the Con-F Scenario. A summary of the key focus areas and actions within the Con-F Scenario future pathway are shown in Table 3 .
Energy Focus (Ene-F) Scenario
The Ene-F Scenario has been developed to analyse forecasts of biomass resource availability for the energy sector, in a future pathway where prime focus has been placed on expanding the UK bioenergy sector.
i. Scenario Context
As already discussed the UK has legally binding energy, carbon and renewable energy targets, including a series of bioenergy targets relating to heat, power and transport fuel, and overall generation [6, [108] [109] . The Energy Focus Scenario sets out a future pathway where the maximum achievable levels of bioenergy are generated from indigenous biomass resources. The strategy being for the UK to maximise it's bioenergy generation potential through the utilisation of indigenous resources, and reduce potential reliance on imported imported resources.
ii. A Pathway with Energy Focus
The concept behind this scenario is to explore the upper limits of indigenous biomass resources that could realistically be mobilised for the bioenergy sector to 2050. This involves mobilising and pushing the limits on resource availability across the range of biomass categories. Within this future pathway the upper limits of available and suitable land (after food demands are met) is dedicated for the potential growth of energy and biomass crops [14, 76] . The energy focus scenario will reflect the Forestry Commission's forest expansion and productivity forecasts [58] [59] [60] [61] [62] [63] [64] [65] that provide the greatest resource potential for the bioenergy sector. A further future opportunity explored is highlighted by The Independent Panel on Forestry [110] , "only 52% of UK forests and woodland are currently actively managed, so major resource use opportunities may exist if progress is made in this area". There are also notable biomass resource opportunities potentially available for the bioenergy sector in the form of wastes and residues from ongoing activites in the UK [111] . As such a future pathway with energy focus will work towards achieving increased harvest and collection (biological & realistic) limits for biomass residues, from forestry, agricultural and industrial processes. The waste generation and management strategies adopted also reflect DEFRA's forecast pathways where energy recovery is the focus [55, [74] [75] . A summary of the key focus areas and actions within the Ene-F Scenario future pathway are shown in Table 3 .
4) Biomass Resource, Energy & Land Use Forecasts
The following section provides a series of figures that allow analysis of the biomass resource availability, bioenergy potential and land utilisation within each of the scenarios when calibrated using the UK BRM. Figure 4 and the data within Appendix A1 summarises how UK land is utilised within each scenario. This is in accordance with the UK meeting it's food production demands, any changes in built-up land area and forestry within each scenario. The output to this analysis is the area of land identified as being potentially available and suitable for biomass and energy crop growth. The extent to which this land is utilised for this purpose differs depending on the focus of each scenario. Areas of land with characteristics unsuitable for crop growth such as, rivers, mountains, coasts and lakes are excluded from the analysis.
Land Utilisation Analysis
The area of land left free and un-utilised within the scenarios is highlighted as 'Other Land' within Figure 4 . The 'Land Dedicated for Biomass & Energy Crops' category reflects the area of land within each scenario that has been specifically dedicated for growth for the bioenergy sector. The 'Built-Up Land Area' category reflects land that is utilised for buildings, roads and infrastructure etc. 'Agriculture Land' represents the land area within each scenario dedicated to both pastoral and arable food productivity. The 'Forestry and Woodland' category reflects the area of both managed and unmanaged forests/woodlands within each scenario.
Figure 4: Utilisation of UK Land within the Scenarios
Indigenous Biomass Resource Analysis Forecasts
One of the key aims of this research is to analyse the UK's indigenous biomass resource potential to 2050 within each of the analysis scenarios. Figure 5 and the data within Appendix A2 presents this analysis, documenting the potential availability of each resource for the bioenergy sector to 2050. Within Figure 5 the stacked columns for each scenario reflect the availability of each specific biomass resource. The stacked lines joining the columns within Figure 5 provide segregation, to highlight the different resources within each of the biomass categories (Table 1 ) -waste resources, residue resource and grown resources. Grouping the resources into these three categories allows higher level insight into changing trends of resource availability to 2050. To allow ease of comparison and analysis of the data, resource quantities within Figure 5 have been converted to a single unit (tonnes equivalent). 
Forecasting the Bioenergy Potential of the Available Indigenous Resources
The bioenergy generation potential of the available resources shown in Figure 5 are analysed and represented in both Figure 6 , and by the data within Appendix A3. Figure 6 highlights the bioenergy generation potential for each of the scenarios and also for the Energy Focus sub-scenarios. As discussed in Section 1 the Energy Focus sub-scenarios allow an evaluation of strategies that focus on either a balanced, heat, power or transport fuel bioenergy strategy. These are measured against the forecast range 
Biomass Import Deficit Forecasts
In the UK current and planned biomass projects are focusing predominantly on power bioenergy pathways, and like most European countries the UK will require largely woody biomass (primarily wood pellets and to a lesser extent wood chips) for this energy generation pathway. Liquid biofuels (biodiesel and bioethanol) are also sought for transport [112] . The international market for biomass resource is still relatively immature, and therefore projections are uncertain. The UK Department for Transport reported that around 25% of feedstocks purchased for current bioenergy plants was indigenous resource, the remaining imported from the EU, North America, Russia, South Africa and New Zealand (predominantly wood pellets), Brazil (biofuels) and Malaysia and Indonesia (palm oil) [109] . Therefore if the UK's bioenergy plans mature, the country could become increasingly dependent on these categories of imported resource [15] . Figure 7 and the data within Appendix A4 highlights a forecast of the UK's potential wood fibre demand up to 2025 [67] . It also shows the UK's indigenous resource availability within each of the scenarios when restricted to woody and liquid biofuels resources, (the resource categories currently forecast as being required by the UK bioenergy sector if current plans mature). The shaded area under the 'Forecast UK Wood Fibre Demand' line within Figure 7 represents the UK's potential indigenous resource deficit, of the types of biomass resource that will be required if current UK's bioenergy plans mature and biomass demand forecasts are realised. 
5) Discussion
This section discusses the key outputs from the results documented within Section 4, highlighting the importance of the findings in the context of the UK's future energy and bioenergy strategies.
Land Utilisation Forecasts
The key finding within the land utilisation analysis is that when all the scenarios are compared, the Food Focus Scenario actually has the lowest land area allocation for agricultural productivity over the analysis period. This reflects the key themes reflected within this scenario, where research, development and technology for improving the productivity of agricultural systems are emphasised. Through increasing the productivity of the land, an overall reduction in land area is required to deliver the increased food quantities required to enhance the UK's food security and self-sufficiency. This feedback benefit within the Foo-F Scenario also has a further positive impact since larger areas of the 'freed-up' agricultural land can be dedicated for biomass and energy crop growth, whilst also allowing over 30% of land to be free from use.
Indigenous Biomass Resource Availability Forecasts
The 'Grown Resource' category within this analysis includes both biomass and energy crops and also dedicated resource from forests that are available to the bioenergy sector. These are represented at the bottom of the graphs within Figure 5 . Overall, grown resources represent a potentially large opportunity for the bioenergy sector. Especially towards the latter stages of the analysis where by 2050 in the Foo-F, Eco-F and Con-F Scenarios, they represent over half of the total resources potentially available to the bioenergy sector. Further analysis of the Grown Resource category within Figure 5 highlights that the available resource direct from forestry is relatively small compared to that from dedicated biomass and energy crops. Although, the Ene-F Scenario does highlight that resources available direct from forestry when mobilised represent a relatively constant and significant resource opportunity for the bioenergy sector to 2050.
All scenarios assume that an increasing proportion of un-utilised land will be set aside for growth of biomass and energy crops. The overall proportion of land dedicated being dependent on the focus of the particular scenario. The analysis highlights that regardless of scenario, UK grown biomass and energy crops are shown to represent significant potential for the UK bioenergy sector.
As documented in Section 5.1, a positive feedback effect can be seen within the Foo-F Scenario. Towards the end of the analysis period shown in Figure 5 , areas of agricultural land are 'freed-up' as a result of sustainable intensification and improved production yields. This allows larger areas of land to be utilised for the growth of dedicated biomass and energy crops for the bioenergy sector.
The 'Residue Resource' category represents resources from ongoing activities such as agriculture, forestry and industrial processes. Within Figure 5 these represent the middle analysis band of the columns. Figure 5 demonstrates that the resources within this category have relatively continuous and stable availability for all scenarios and throughout the analysis period to 2050. The resource potential of both plant (straw) and animal (slurry) based agricultural residues is shown to have significant availability for bioenergy. Even within the Con-F Scenario where the lower limits of agricultural residues are collected/harvested, the collective availability of this resource is still significant.
Residue resource from industrial processes are also documented as having relatively constant availability regardless of scenario or progress of time -slight increases are documented within the Eco-Focus Scenario where industrial activities are increased.
The 'Waste Resource' category represents the broad range of waste streams that may be utilised by the bioenergy sector (Table 1 ). These are represented by the top segment of resources highlighted within Figure 5 . Significant potential from the waste category resources is highlighted. While the availability of the waste resources varies substantially across the scenarios, the Ene-F Scenario highlights the maximum realistic potential for the bioenergy sector. Household, food and organic wastes represent a large portion of the available waste resources in this scenario, while other waste streams including woods, textiles, sludge's and oils (represented as 'Other Wastes' within Figure 5 ) also highlight significant potential.
Bioenergy Potential Forecasts
This analysis highlights that if any of the developed scenarios and forecasts of future UK energy demand were realised, between 19-44% of the UK's primary energy demand could be delivered from indigenous biomass resources. Within the Foo-F and Ene-F Scenarios, the UK could potentially meet it's 2050 bioenergy targets and a large portion of its 2050 renewable energy targets from indigenous biomass resource ( Figure 6 ). Also if the UK were to pursue a pathway that focused on developing it's bioenergy sector, the 'Heat Prioritised' Energy Focus Sub-Scenario demonstrates that heat conversion pathways will likely provide the highest energy generation for the resources available. Even if future scenarios prioritised conservation or economic themes as much as 19% of the UK energy demand could still be met from indigenous resources, as long as there is some focus on increasing resource mobilisation. Figure 7 shows the results in the context of the UK's renewable energy and bioenergy strategies. Even though the UK has potentially large indigenous biomass resource availability ( Figure 5 ) and a large portion of the UK's energy targets could be met through the utilisation of these indigenous resources (Figure 6 ), the UK does not have an abundance of the 'woody' and transport fuel compatible biomass resources required to meet future demand, if the UK's current bioenergy plans mature. Figure 7 shows that even within the Ene-F Scenario where the upper limits of indigenous biomass resource are mobilised, a large resource deficit will still exist when compared to the forecast resource demand. In summary this analysis describes an uncomfortable nexus between the high potential availability of various indigenous resource categories, and the current and future bioenergy strategies that are potentially steering the UK towards reliance on biomass resource imports. Highlighting the concept that the UK is not potentially investing in the appropriate biomass technologies and infrastructure to match the indigenous opportunities.
Indigenous Resource Deficits and Imports
6) Conclusions -Scenario Lessons
The scenarios developed in this study were designed to represent four potential pathways that could be realised in the UK, in order to determine the biomass resource potentials and implications for the bioenergy sector. They allow an assessment of the potential impacts of different variables and contexts on potential biomass resource supply. The key policy conclusions arising from the analysis are highlighted below.
 High Potential Availability of Biomass & Energy Crops without Impacting Food Systems -The analysis shows that the potential availability of biomass and energy crops for the bioenergy sector remains high, even when land is 'ring-fenced' for the UK to maintain it's food production requirements (and even enhanced food production within the Food Focus Scenario).
 Robust & Continuous Resource Availability from Ongoing UK Activities -Biomass residue resources, including agricultural, forestry, industrial and arboriculture residues were found to represent a continuous and robust resource that maintained a high availability regardless of the scenario or time within the analysis. Agricultural residues, particularly both straw and slurry resources represent a major opportunity for the bioenergy sector due to their high abundance, availability robustness and current under-utilisation [113] .
 Large Potential from Waste Resources -Within the Energy Focus Scenario where the adopted waste management strategy emphasised energy recovery, the potential waste resource availability for the bioenergy sector was shown to be substantial (>1308 million tonnes equivalent per year in 2050). Likewise within the Conservation Focus Scenario where a strategy of reduced waste generation and resource recovery was adopted, the potential for the bioenergy sector was much less attractive (>1.8 million tonnes equivalent per year in 2050). The abundance of both household and food/plant based waste streams were identified as showing particular potential for the bioenergy sector.
 A Food Focus Positive Feedback Benefit -Analysis within the Food Focus Scenario found that a future pathway that emphasised increasing the productivity and reduction of wastes from food systems, resulted in future benefits for the bioenergy sector. Increasing the productivity of the land not only resulted in increased food security and self-sufficiency, but ultimately resulted in less land being required to produce more food -freeing up additional land for biomass growth.
 Heat Conversion Pathways Providing Most Energy Efficient Use of Resources -The analysis of the energy conversion sub-scenarios (Figure 6 ), highlighted that the prioritisation of heat energy conversion pathways with suitable resources, resulted in the greatest levels of bioenergy generation. This suggests that the best option for the UK to make the most of its indigenous biomass resource is potentially for, selected resources to be utilised by the industries in bio-refineries with all remaining suitable resources being dedicated for heat generation pathways. The generation of renewable electricity being achieved through alternative technologies.
 Indigenous Resource Abundance & Our Pathway Towards Increased Resource Deficit -Overall the results identified the high potential availability of indigenous resources for the bioenergy sector ( Figure  5 ), the large contributions that indigenous resource could make towards the UK achieving it's energy targets (Figure 6 ), but the forecasts deficits in biomass resources that the UK will need to import in order to supply the current and planned bioenergy sector (Figure 7) . In summary this analysis highlights the non and under-utilisation of indigenous biomass resources in the UK, and the major currently missed opportunities that are contrary to the current direction of the UK bioenergy sector. 
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